We have studied the genetic behavior of the alternating copolymer d(TG AC), inserted into a defined We have previously described an in vivo system for analyzing the ability of specific DNA sequences to engage in homologous meiotic recombination in the yeast Saccharomyces cerevisiae (58). This system was used to demonstrate that different DNA sequences from the human ,B-globin locus participate in genetic exchanges at different frequencies during yeast meiosis. One fragment from the human ,-globin locus, MG-1 (24), was associated with reciprocal exchange during meiosis significantly more frequently than either of two other fragments normally found near MG-1 in the ,-globin cluster. All three sequences lie within an 11-kilobase (kb) region between the human 8-and ,-globin genes that has previously been hypothesized to be a relative hot-spot for genetic exchange within the ,-globin gene cluster (1, 18, 29) .
HIS3 locus on homologous chromosomes, diploid cells undergoing meiosis generated an excess of tetrads containing reciprocally recombined products with crossover points close to the repetitive DNA insert. Most of these tetrads exhibited gene conversion of a d(TG AC), insert. However, the insertion of d(TG. AC).
sequences had no effect on the frequency of gene conversion of closely linked marker genes. Surprisingly, when d(TG-AC), sequences were present on only one homolog at the HIS3 locus, one-half of the tetrads exhibiting nonparental segregation for marker genes that flanked the repetitive DNA insert were very unusual and appeared to have arisen by multiple recombination events in the vicinity of the d(TG-AC), insert. Similar multiply recombinant tetrads were seen in crosses in which d(TG AC), sequences were present on both homologs. Combined, the data strongly suggest that d(TG AC), sequences significantly enhance reciprocal meiotic recombination and may be important in causing multiple recombination events to occur within a relatively small region of the yeast chromosome. Molecular evidence is presented that clearly documents the postmetiotic segregation of an 80-base stretch of d(TG. AC)".
We have previously described an in vivo system for analyzing the ability of specific DNA sequences to engage in homologous meiotic recombination in the yeast Saccharomyces cerevisiae (58) . This system was used to demonstrate that different DNA sequences from the human ,B-globin locus participate in genetic exchanges at different frequencies during yeast meiosis. One fragment from the human ,-globin locus, MG-1 (24) , was associated with reciprocal exchange during meiosis significantly more frequently than either of two other fragments normally found near MG-1 in the ,-globin cluster. All three sequences lie within an 11-kilobase (kb) region between the human 8-and ,-globin genes that has previously been hypothesized to be a relative hot-spot for genetic exchange within the ,-globin gene cluster (1, 18, 29) .
One element within MG-1 that is of particular interest is a highly repetitive, evolutionarily conserved sequence (EC-1) originally described by Miesfeld et al. (24) . Its nucleotide sequence reveals a substantial stretch of the simple repeating dinucleotide d(TG AC),. Similar sequences of d(TG AC), (n = 17 in the MG-1 fragment) are found repeated approximately 50,000 times in the human genome and appear to be highly repetitive in all eucaryotic cell genomes examined by Southern blot analysis (13, 24) . Long tracts of the sequence d(TG AC)n have been observed by direct DNA sequencing in or near many eucaryotic genes (26, 27, 38, 43, 49) , and it has been suggested that such sequences may be involved in the initiation of genetic exchanges (28, 39, 43) . In addition, genomes of yeast strains of opposite mating types. We also needed to associate the sequences to be monitored with flanking marker genes to allow the identification of recombinant spores. The construction of these defined genetic loci is illustrated in Fig. 1A .
Two pairs of integrating vectors were constructed, pHLAV and pHUAV, and their d(TG AC),-carrying derivatives pHL(TG), and pHU(TG),. All plasmids are derivatives of pBR322 (4) . Each vector has a 1.7-kb DNA fragment containing the wild-type yeast HIS3 gene (53) Fig. 2 ) could easily be identified by the presence of a 1.7-kb HIS3-hybridizing fragment after EcoRI digestion. This fragment is unique to duplications at HIS3, since the 1.7-kb HIS3 fragments in single-copy inserts are always flanked by a BamHI site on one side (outside) and an EcoRI site on the other (inside). The his3 allele used, his3AJ , has a 200-bp deletion in the HIS3 coding region (36) . All integrations at HIS3 result in the duplication of HIS3 sequences which end up flanking the inserted plasmid. However, due to the nature of the integration event, which often involves gene conversion (55) , some transformants are flanked by two wild-type genes (+ +), some are flanked by two his3AJ genes (AA), and some have HIS3 and his3AJ sequences on opposite sides of the insertion (A+ or + A). The distribution of the two HIS3 sequences in each transformant or spore DNA sample can be determined by restriction enzyme (BamHI) and Southern blot analysis.
Plasmids pHL(TG), and pHLAV were transformed into a strain of the genotype MATa leu2-3,112 ura3-52 his3A1 trpl-289 can1-101 (strain lb) (58) . Plasmids pHU(TG), and pHUAV were transformed into a strain of the genotype MATa leu2-3,112 ura3-52 his3AJ ade2 (strain 16d) (58 (7) a The recombination events involved in each class are diagrammed in Fig. 2 .
RESULTS
By the protocol outlined in Fig. 1A Table 1 ). These events were added to the class I and class VII events to calculate the total number of reciprocal exchanges in the HIS3-HIS3 duplication interval and the genetic distance between the duplicated HIS3 genes listed in (25) .
c Defined as the total length of homologous DNA between the insertion sites of the LEU2 and URA3 genes. d Calculated as LEU2-URA3 genetic distance/LEU2-URA3 physical distance. e Crossovers in LEU2-URA3 interval plus all events in pBR322 and HIS3 sequences that result in the reciprocal exchange of the flanking HIS3 markers. f Defined as the total length of homologous DNA between the sites of the deletions in the HIS3 sequences on the left and right of the integrated DNA (excludes LEU2 and URA3 sequences since they share no homology with the nonsister chromatid). 9 Class II, III, IV, and V tetrads combined (see Fig. 2A ). Tetrads i and ii in Fig. 3A were isolated from a cross with 150 bp of d(TG AC), on the URA3 chromatid and no insert on the LEU2 chromatid. Both had a Leu-Ura-spore that was apparently the result of a deletion of the entire inserted plasmid by HIS3-his3AJ intrachromatid recombination. Alternatively, these chromatids could result from gene conversion between sister or nonsister chromatids in which the event paired a contiguous HIS3 gene from one chromatid with the two halves of HIS3 genes from opposite sides of the insert on another molecule. In this case there would be a large heterology consisting of the entire plasmid insert. Tetrad i had a Leu+ Ura+ spore (spore a) that was probably the recipient of genetic information from one of the LEU2 chromatids that ended up in tetrad i spores c and d. The chromatids in these latter spores, however, were recombinant for HIS3 sequences. In all, this tetrad had four recombinant spores. We can conclude that at least three recombination events were required to generate the chromosomes found in this tetrad, although the event that gave rise to the recombinant HIS3 arrangements in spores c and d may have been mitotic in origin. We have not analyzed the effect of d(TG AC), sequences on mitotic recombination.
The molecular basis for the nonparental segregation in tetrad ii was the deletion of the entire plasmid insert from HIS3 in spore d. Southern blot analysis for the segregation of the d(TG AC), sequence revealed that spore b, which originally had d(TG. AC),, linked to URA3, now had no simple sequence DNA inserted at the BamHI site (data not shown). In this tetrad the loss of d(TG AC), and the event giving rise to the Leu-Ura-spore were coincident but probably independent events (see Discussion). It thus appears that two rearrangements have occurred in the meiosis that generated this tetrad; however, we cannot rule out the possibility that the d(TG AC), insert was lost by a mitotic event.
Tetrads iii and iv in Fig. 3B were isolated from a cross in VOL. 6, 1986 on That exactly one-half of the cells contained the insert and that the two types of chromosome were found in cells organized in a defined spatial orientation strongly suggest that two parental strands in a heteroduplex intermediate segregated in the first mitotic division after meiosis. This phenomenon has been referred to as postmeiotic segregation (PMS) (11) . We hypothesize that the LEU2 chromosome in spore d entered its ascospore as a heteroduplex between pBR322 from the LEU2 parent and the homologous pBR322 sequences with 80 bases of the repetitive DNA insert from the URA3 parent. The heteroduplex would have an 80-base-long region of singlestranded DNA in which there is no homology to the parental DNA from the LEU2 chromosome. Extensive genetic evidence suggests that if such heteroduplexes ever form in yeast, they do not show PMS (9, 11). However, the ADE8 mutation ade8-18 exhibits PMS at a high frequency and has recently been characterized as a 38-bp deletion in the ADE8 structural gene (63 in these two tetrads were remarkably similar. Both tetrads had a pair of chromatids that were related by a reciprocal exchange in the LEU2-URA3 interval (spores b and c in tetrad vi and spores a and c in tetrad vii). Both reciprocal exchanges were associated with a gene conversion event in the LEU2-URA3 interval that covered the BamHI site. The most striking fact was that both tetrads carried a third recombinant chromosome that was the product of a gene conversion event. Spore a in tetrad vi had a chromosome that lacked LEU2 or URA3 and was the recipient in a recombination event in which pBR322 sequences replaced LEU2 DNA. Spore d in tetrad vii had a chromosome that carried both LEU2 and URA3 and was the recipient in an event in which a URA3 gene replaced pBR322 DNA between the LEU2 gene and the right-hand HIS3 marker. Combined, the seven unusual segregations described above had a total of 20 recombinant chromosomes which required a total of at least 15 recombination events to account for their existence. Three tetrads isolated from a cross in which d(TG AC), sequences were present on both homologs at HIS3 arose by an intrachromatid deletion or gene conversion event resulting in the loss of the entire integrated plasmid on one chromatid coupled to a second gene conversion event involving LEU2 or URA3 sequences (data not shown). These are remarkably similar to the tetrads illustrated in Fig. 3A , which were isolated from a cross in which d(TG-AC), sequences were present on only one homolog at HIS3. Three additional tetrads (data not shown) that arose by multiple recombination events in the vicinity of the HIS3 locus were the result of a reciprocal exchange between the duplicated HIS3 genes coupled to a second recombination event, either a reciprocal exchange in the . . . . (i) When sequences of the alternating copolymer d(TG AC)n were introduced into homologous positions at the HIS3 locus of S. cerevisiae, meiotic crossing-over was enhanced sevenfold. With nothing inserted at the BamHI site there were 0.62 kb of pBR322 DNA between the LEU2 and URA3 genes on homologous chromosomes. We inserted stretches of d(TG AC), into this interval that were on the order of 0.1 kb in length, increasing the total homology in the LEU2-URA3 interval by about 15 to 20%. In doing this the genetic distance between LEU2 and URA3 was increased by a factor of seven. The addition of approximately 0.1 kb of d(TG AC), resulted in an increase of 0.44 cM to the interval between LEU2 and URA3 ( Table 2) . This corresponds to a specific increase of 4.4 cM per kilobase inserted, approximately 11 times the average of 0.4 cM/kb for regions of the yeast genome studied by others (35, 50) . When normalized for the increase in the length of the LEU2-URA3 interval, we observed a sixfold increase in the specific recombination efficiency of the DNA sequences between the LEU2 and URA3 genes [0.68 cM/kb in crosses with homozygous d(TG AC), sequences versus 0.11 cM/kb in crosses with no d(TG AC), inserts, Table 2 ]. Since the LEU2-URA3 interval is approximately 20% longer in the crosses with d(TG AC), sequences inserted on both chromosomes, one might expect more reciprocal exchanges to occur simply because of more sequence homology. To correct for this we could reduce the number of reciprocal exchanges observed in this cross by 20% to account for the length difference. This calculation predicted that only 13.7 reciprocal exchanges would occur in the LEU2-URA3 interval if it were the same length as the control interval. After statistical analysis of this corrected value we found that the difference in recombination frequency between crosses with d(TG AC) sequences homozygous and crosses with no insert in the LEU2-URA3 interval was still highly significant (G test of independence yielded P < 0.005). We therefore consider it unlikely that the striking enhancemnent in reciprocal exchange was due to the relatively small increase in homologous DNA between lou ura his VOL. 6, 1986 on July 4, 2017 by guest http://mcb.asm.org/ Downloaded from LEU2 and URA3, and therefore propose that the effect is due to the specific sequence introduced. This proposal is supported by our previous observation (58) that P-globin sequences of identical lengths are quite different in their ability to engage in meiotic crossing-over in yeast and that the length of homologous DNA is a poor indicator of how often the sequence is involved in reciprocal exchanges. Gene conversion events involving LEU2 and URA3 were equally frequent in the experiments with and without d(TG AC),, in the LEU2-URA3 interval (1.6 and 1.5%, respectively). However, since the d(TG. AC), inserts on a pair of homologs were different in length and could be followed through meiosis, we had the opportunity to study gene conversion in the LEU2-URA3 interval.
The 17 reciprocal exchanges that took place within the LEU2-URA3 interval were examined for the segregation of d(TG * AC), sequences (unpublished observations.) Ten of seventeen events segregated 3:1 for length [gene conversion spanning a d(TG AC), tract associated with crossing-over in the LEU2-URA3 interval]. Three of the crossover events were associated with the generation of new length variants, although variation of less than 10 bp would be difficult to detect. These new length variants were associated with only one of the two recombinant chromatids, suggesting that they were the result of gene conversion between misaligned homologs. Thus, the majority of the reciprocal exchange events were associated with gene conversion. This strongly suggests that meiotic recombination events stimulated by d(TG. AC), sequences are of a nature that is typical of classical meiotic exchange in yeast, since extensive genetic studies suggest that conversion-associated exchange is the hallmark of normal meiotic recombination in yeast (11) . The stimulation of conversion-associated exchange is also characteristic of the only hot-spot for meiotic recombination in yeast that has been studied in detail, which was found near the ARG4 gene (11) .
(ii) The presence of the sequence d(TG. AC), generated tetrads in which multiple events occurred in the vicinity of the repetitive sequence. When d(TG AC), was present on both chromatids in the LEU2-URA3 interval, 3 of 51 nonparental segregations for LEU2 or URA3 had a chromatid with the entire plasmid insert deleted in addition to a gene conversion event between two homologous chrormosomes (data not shown). A tetrad in which a similar event had occurred was isolated when d(TG. AC)n was present on only one homolog (tetrad i, Fig. 3A ). Another tetrad with a plasmid insert entirely deleted (tetrad ii, Fig. 3A ) lost the d(TG-AC), insert on the sister of the deleted chromatid. Thus, 5 of the 68 nonparental segregations for LEU2 or URA3 reported in Fig. 2 Tetrads carrying three and four chromosomes recombinant for a single interval have been described by others (11, 17) and have been explained by two independent events that involve all four chromatids within the genetic interval monitored. The fact that they were observed could be attributed to the high frequency of single events occurring in the regions studied. In fact, both groups observed these multiple exchange tetrads at approximately 10% of the expected frequencies, suggesting some interference in pairing of all four chromatids in one genetic interval during meiosis.
In the absence of interference, the frequency at which we observe the intrachromatid deletion coupled with a gene conversion event might be expected to be equal to the product of the frequencies at which we see each event occurring individually. We saw events resulting in the loss of the entire plasmid insert in crosses with d(TG AC)", sequences on one or both chromosomes at a frequency of 0.003 (data not shown). Gene conversions occurred at a frequency of 0.01 (Table 2) , so the two events should co-occur at a frequency of 0.003 x 0.01 = 3 x 10-5. Among 2,641 tetrads, we would expect to find 0.08 tetrads of this type. In fact, we found five, or 60 times the expected number, a significant excess (G test for goodness of fit [45] yielded P < 0.005). Following the same arguments for the tetrads shown in Fig.  5 , in which a reciprocal exchange in the LEU2-URA3 interval was associated with a gene conversion event, we found a significant (ninefold) excess over the number expected (P < 0.005). (14, 28) . In general, DNA polymers of alternating purine and pyrimidine residues, with the exception of poly(dAT) poly (dTA), have been shown to be capable of forming Z-DNA when chemically modified, under high-salt conditions or when present in supercoiled plasmids (3, 14, 28, 41, 42, 59, 62, 64) . The possibility of a unique genetic role for d(TG AC),, and other sequences capable of adopting the left-handed helical conformation has been raised 'in several reports suggesting eucaryotic gene conversion and recombination (6, 10, 21, 31, 43, 51) .
Even more recently it has been shown that the transition region where B-DNA becomes Z-DNA is partially unwound and is sensitive to S1 nuclease (30, 41) . These reports have prompted speculation that the single-stranded nature of the Z-DNA conformation may be a substrate for recombination enzymes that generate the free ends to invade homologous duplex DNA (15, 28, 33) . We have previously shown that the removal of the longest potential Z-DNA-forming region from a human P-globin locus restriction fragment which recombines at a high frequency in yeast had no effect on the frequency of reciprocal exchange (58) . Only two of the eight potential B-Z boundaries were removed from this fragment, and we may not have been able to detect a small drop in recombination frequency. Thus, the total length of the repetitive element may not be as important as the number of repetitive elements, and thus the number of B-Z junctions, within a segment of DNA.
Our observations suggest two additional possible mechanisms by which this simple repetitive sequence influences crossing-over in our system. First, it is possible that any simple repetitive sequence can promote exchange simply by increasing the likelihood that a pairing partner will encounter homologous sequences. Crossing-over between misaligned DNA is expected to generate length variation in the recombinant products (44, 46, 56, 57 
